Abstract: A differential pulse voltammetric (DPV) method for the determination of bromate in drinking water, after pre-concentration on γ-Al 2 O 3 , is proposed. The reduction peak of bromate has been observed at the potential E p = −1.6 V in an ammonia buffer as a supporting electrolyte. The method has been successfully applied to determine a bromate concentration of 2.5 µg·l −1 in drinking water (RSD = 6.1 %, n = 7). A sample pre-treatment with a column filled with mixed cation-exchange resin in Ag, Ba and H forms was needed before pre-concentration of bromate on alumina.
Introduction
Bromate, a potential carcinogenic agent, can be formed by the oxidation of bromide during the ozonation of drinking water [1, 2] . The International Agency for Research on Cancer (IARC) has classified bromate as a B-2 group [3] . The concentration in drinking water is associated with excess lifetime cancer risks of 10 −4 , 10 −5 and 10 −6 are 20, 2, 0.2 µg·L −1 , respectively [4] . The United States Environmental Protection Agency (USEPA) has proposed a maximum contaminant level for BrO − 3 in drinking water at 10 µg·L −1 , but it recommends a further reduction [3] . The same limit is suggested by the EU countries [5] and the World Health Organisation (WHO) [4] . The value proposed by the USEPA [3] , UE [5] and WHO [4] is a consequence of analytical problems with routine determination of bromate at a level lower than 10 µg·L −1 .
There is much interest in determining the amount of bromate in drinking water. Most published methods use ion chromatography. Different approaches propose conductometric detection [6, 7] , spectrophotometric and fluorimetric detection after post-column derivatisation [8] [9] [10] [11] [12] [13] , or IC-ICP-MS system [14] . Some of these approaches allow BrO − 3 at a concentration below 10 µg·L −1 . However, the on-site monitoring of bromate in drinking water requires inexpensive, easy and reliable methods. Surprisingly, only a few electroanalytical procedures have been proposed to date although redox properties of bromate are well known [15, 16] . The behavior of oxyhalate, including bromate, in the direct current (DC) polarography has been studied [15] . The DC method was used to determine the anions at a level of 10 [3, 5] . Fortunately, this problem was resolved by the pre-concentration of bromate on an alumina column before voltammetric determination. We have shown already that the hydrous γ-Al 2 O 3 can be used as a selective adsorber for halogen ions [20] .
Experimental

Reagents and solutions
The alumina was commercial 90 active acidic Al 2 O 3 (Merck, Germany) with a particle size of 0. 
Apparatus
Differential pulse voltammetry (DPV) measurements were carriered out with the use of µAutolab (Eco Chemie B.V.) electrochemical analyser coupled with a Metrohm 663 VA Stand. The three-electrode system was made of a hanging mercury drop electrode (HMDE), an Ag /AgCl (3 M KCl) reference electrode and an auxiliary electrode of glassy carbon.
In a typical voltammetric measurement, a sample of bromate was placed in a voltammetric vessel, an ammonia buffer was added and the solution was deaerated for 10 minutes with argon. The voltammetric response was obtained with a pulse amplitude of 50 mV, pulse interval time of 0.2 s and modulation time of 0.05 s.
Studies of interfering ions were performed at a bromate concentration of 2×10 −6 M and the varying excess of interfering ions. A maximum variation of 5 % in the recorded current was considered acceptable.
Retention of BrO
The bromate test solution of 10 µg·L 
Determination of bromate in tap water
The sample of tap water spiked with bromate was subjected to the preliminary preparation procedure described in section 2.5. The 100 mL portion of this sample was acidified to pH 3 with 1 M HClO 4, and the solution was passed through the column filled with 1 g of alumina at the flow rate of 2 mL/min. The bromate was eluted with the ammonia buffer of pH 9.7. The first 2 mL were discarded. The second fraction of 5 mL was collected and placed in a voltammetric cell. The concentration of BrO − 3 ions was determined by the multiple standard addition method (three-fold standard addition).
Sample pre-treatment
The elimination of the sulphate and phosphate ions required the 100 mL tap water sample to be alkalized to pH 9 with a 0.4 mL of 0.1 MBa(OH) 2 and the precipitate to be filtered through a 0.45 µm membrane filter (Sartorius). In an acidic solution the reduction peak of bromate appears at a more positive potential (ca. -0.55V) as is illustrated in Fig. 1 . The height of this peak also increases with bromate concentration, but the peak is broadened. Therefore further studies were conducted in the ammonia buffer composed of 0.1 M NH 4 OH, 0.1 M NH 4 Cl (pH 9.7). The peak illustrated with an ammonia buffer of pH 9.7 increased with increasing bromate concentration. This dependence was linear in the concentration range of 2×10 by the multiple standard addition method and gave the RSD of 7.7 %. does not affect the determined result of determination even at 1000-fold excess relative to bromate. Due to the low ionic strength of the solution, it was possible to concentrate BrO − 3 ions even from a volume as large as 1 l. The adsorbed bromate could be eluted with the 0.1 M NH 4 OH solution or the ammonia buffer (0.1 M NH 4 OH / 0.1 M NH 4 Cl, pH 9.7) that exhibits comparable elution power [20] . The elution profile illustratedI in Fig. 2 indicates that the first 2-mL fraction can be discarded and bromate quantitatively eluted in two consecutive fractions.
Retention of BrO
The precision of BrO 2 at a 1000-fold excess was found to not interfere with the adsorption of bromate on γ-Al 2 O 3 . The presence of sulphate and phosphate exhibiting high affinity to alumina strongly affected the adsorption of bromate. Bromate was not retained on the column at a presence of a 1000-fold, while a 100-fold excess of phosphate ions decreased bromate adsorption by 30 %. The presence of sulphate at a 100-fold excess did not interfere with bromate adsorption. Very high concentrations of low-affinity anions, for example chloride at a 10 5 excess, prevented bromate adsorption as chloride blocked the adsorption sites on alumina [20] .
Bromate determination in tap water
Positive results of Bromate concentration using γ-Al 2 O 3 indicated that there is a chance to apply this process to determine bromate in tap water. A serious problem in the analysis of bromate in tap water using alumina is the presence of high concentration sulphate in water (sometimes exceeding even 200 mg·L −1 [21] 3 . Therefore all of these anions should be removed from the water sample prior to the pre-concentration of bromate on the γ-Al 2 O 3 column.
Large amounts of SO . It is a generally accepted procedure in the preparation of water samples for ion chromatography. As the elution strength of the ammonia buffer is comparable with that of ammonia, bromate was eluted with the ammonia buffer, simplifying the voltammetric measurements. The first 2-mL fraction did not contain the BrO − 3 ions; they were completely eluted in the next 5-mL fraction. Preliminary studies with tap water samples showed that the content of bromate in the ozonised water was below the detection limit using our method. The next step, showed the tap water spiking with bromate and obtaining concentrations of 10 µg·L −1 ; the samples were subjected to the whole determination procedure. The results are presented in Table 1 . The precision of bromate determination in tap water at a level of 10 µg·L −1 , expressed in terms of RSD, was 6.5 % (n = 7) in ozonised water and 6.2 % (n = 7) in chlorinated water. Possibility of the determination of bromate down to 2.5 µg·L −1 was further examined on the water samples spiked with 2.5 µg·L −1 bromate. The results of the experiment are satisfactory (Table 1 ). The recovery was 101.9 % with quite good precision (RSD = 6.1%, n = 7). The exemplary results of bromate determination in tap water spiked with 2.5 ppb bromate are presented in Fig. 3 . These results illustrate the effectiveness of the developed DPV method in determination of bromate at a level of 2.5 ppb in tap water.
Conclusion
A new, simplified and inexpensive differential pulse voltammetric method for determining bromate in tap water samples has been proposed. The method permits the determination of bromate present in drinking water at concentrations above 25 µg·L −1 without preconcentration and pre-treatment steps. The determination limit can be considerably lowered (10-fold) to 2.5 µg·L −1 due to the application of a pre-concentration of BrO − 3 on alumina. High phosphate and sulphate content should be removed during pre-treatment using ion exchange resins. The application of bromate pre-concentration on hydrous γ-Al 2 O 3 has opened the possibility of using the DPV method for the determination of bromate in tap water at concentrations lower than the admissible level (10 µg·L −1 ). 
